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ABSTRACT
We present the theoretical and
experimental results of ancw class of
microwave oscillators called opto-
electronic oscillators (O K)). Wc discuss
techniques of achieving high stability
single mode operation and demonstrate
the applicat ions of 01 {O in photonic
communication systems.

INTRODUCTION

Traditional microwave oscillators cannot
mect all the requirements of photonic
communication systems which require
high frequency and low phase noise
signal generations. Because photonic
systems involve signals in both optical
andclectrical domains, an idedl signal
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signal source by both electrical and
optical references.

Wc have reported such asignal sourcel 2
that converls continuous light energy into
stable and spectrally pure microwave
signals. This Opto-Iilectronic Oscillator,
OEO, consists of apump laser and a
feedback circuit including an intensity
modulator, an optical fiber delay line, a
photodetector, an amplifier, and a filter,
as shown in Fig. 1. Its oscillation
frequency, limited only by the speed of
the modulator, can be up to 75 GHz.3

PROPLRTIT S OF OEO

Our studics? have shown that the OIZ0
has the following important properties:
1) The 01:O has an electrical output port
and an optical output port to provide a
microwave signa and a modulated optical
sgna simultancously, eliminating the
costly and high loss electrical-to-optical
and optical-to-electrical conversions for
the uscrs.

2) in addition to have an electrical
injection port for locking the 01:O to a
local reference signal, the 01 (O has an
opt ical i njection port for inject ion locking
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Fig. 1 Device description of the OLO

source should be able to provide high
frequency signals in both optical and
electrical domains. In addition, it should
be possible to synchronize or control the

the OLO to a remote reference signal,
making it smple to integrate the OO in a
photonic communication system.

3) The OEO is a voltage controlled
oscillator (VCO) whose oscillation



frequency can be tune by applying a
volt age to the bias port of the | /O
modulator or to aPZT fiber stretcher.
4) No amplifier in the loop is needed if
the optical power of the pump laser is

high enough so that1,R2V, [nis
satisficd, where 7, is the received
photocurrent in the photodetector, R is

the load resistance of the recciver, and V,
isthe half-wave voltage of the modulator.
The elimination of the amplifier in the
loop eliminates the amplifier noise,
resulting in a more stable oscillator.

5) The oscillation frequency is

Joem k11 2)/T0r £, = KIT,
depending on the bias, wherek isan
integer, representing different possible
oscillating modes, 7 isthe total group
delay of the loop. For a Mach-Z¢chnder
modulator based OFO, the oscillation
arnplitude is approximate.d as

VsV, [m1-1nGg (D)

where [Glisthe open loop small signal
gain of the 01X].

6) The phase. noise spectrum is:
o
Ser(f")=-
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for2m /' T << (2)

where f"isthe frequency offset from the
oscillation frequency f,. and § is the

noise to signal ratio of the OXO and is
defined as:
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In 1 iq.(3)2_is the ocillation power of

osc

OliOand p,, isthe total noise density
inputto the oscillator which equals to the
sum of the thermal noise, the shot noise,
and the laser’s relative intensity noise

(RIN) densities. in Eq. (3), k, is the
Boltzman constant, 7’ is the ambicnt
temperature, NI is the noise factor of the
RY amplifier, e is the electron charge,
and N, isthe R1 N noise of the pump
laser.

It isevident from Eq. (3) that the phase
noise of the OEO decreases quadratically
with the frequency offset from the
oscillation frequency, as shown in Fig.
2a. For afixed frequency offset, the
phase noise decreases quadratically with
the loop dclay time, as indicated in Tig.
2b.Yor large enough loop delay and
strong ecnough optical pump power, the
phase noise approaches relative intensity
level of the laser, below -140 dBc/lz at
10 kl1z for aMach-Zchnder modulator
based 0110.

7) The 01:0's phase noiseis
independent of the oscillation frequency
Jowe - Thisresult is significant because it
alows the generation of high frequency
and low phase noise signals with the
OX0. On the contrary, the phase noise of
a signa generated using frequency
multiplying methods generally increases
quadratically with the frequency.

COMPARISON 011'1 )11°1°10<1 NT
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Althoughthe 01 :{Oin 1g. 1ismadc of a
aM ach-Zechnder modulator, any type of
intensity modulators, such as clectro-
absorption modulator, directional coupler
modulator, electro-acoustic modulator, or
cven adi rectl y modulate.d diode laser? can
be used to construct the O1O. 1lowever,
different 01 {Os constracted using
different modulators have different size,
power requirement, stabilit y, phase
noise, maximum oscillation freguency,
and dependence on noise sources. Wc
compare the performance of the.sc 01 {Os
and find their advantages and limitations.
We further investigate laser’ s RIN noise,
ampl i ficrs 1/ noise, fiber length
fluctuation caused by thermal fluctuation
and acoustic fluctuation, fiber's
nonlinearity and dispersion on the
stability and spectral purity of different
typc 01 ‘m. ‘1 ‘he resu Its of these



investigations will be presented at the
conference.

eliminates the need of a RF filter in the
loop, making the oscillator widely
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Fig. 2 Single side band phase noise of an O1:0 measured at 800 Ml1z. (a)
Measured phase noise spectra at different loop delays and their fits to 1iq.
(2), (b) Phase noise at 30 k11~ offset from the center frequency asa

function of loop delay.

TECHNIQUES FOR SINGI .1: MODE
SELECTION

In an OEO, single mode selection is an
important issue. We have shown that
long feedback loop in an OEO resultsin a
lower phase noise. However, longer
loop aso cause the mode spacing of the
OX:0 to be small, making single mode
selection difficult.

Woc present here a multi-loop technique
that permits the 01O to operate in a single
mode whilc having a long loop length,
resulting in a reduced phase noise. It
relaxes the requircment of bandwidth or

tunable. Furthermore. it reduces the
oscillat ion threshold of the O}O by as
much as 6 dB, making it easier to realize
an O}:0 without employing a RY
amplifier. We also discuss other
techniques for effective single mode
selection and compare their advantages
and short comings.

APPILICATIONS

Voltage Controlled Oscillator . AS
mentioned earlier, the OEO is a specia
VCO with optical aswell as electrica
output. Therefore it can perform al 1
functions that a VCO is capable of for
microwave photonic systems.




Photonic Signal Mixing. The0110 can
also be used for photonic signal up/down
conversion. Tor such an application, a
stable optical Ry:1.0, or amodulated
optical signal at a RF frequency, is
required. The OEO can accomplish just
that, since one of its outputs gives the RF
oscillation in optical domain.
Carrier Digtribution. Because the OEO
can be injection locked by aremote
optical signal, it can be used for high
frequency RF carrier regencration,
amplification, and distribution. Such a
capability is important in large microwave
photonic systems.
Frequency multiplication. The injection
locking property of the OEO can also be
used for high gain frequency
multiplication. Wc used subharmonic
injection locking technique and
demonstrated phase-]ocking the oscillator
operating at 300 MHz to a 100 M1z
reference of 4 dBm. The output of the
oscillator is 15 dBm, resulting in agan
of 11dB and frequency multiplication
factor of 3. Wc will aso discuss
frequency multiplication using laser
gﬁdes nonlincarity. In this scheme, the
{0 istuned to oper atc at a nominal
frequency closcto the nth harmonic Of the
reference signal driving the laser diode.
Upon the injection of the laser’ s output,
the OEO will be locked to the. nth
harmonic. This scheme offers remote
frequency multiplication capability and
may be uscful for many microwave
photonic systems.
Comb Frequency and Pulse Generation.
The 01 {O can also be used to gencrate
frequency combs and square pulsc. 1 ‘or
this application, the OEO is chosen to
opcrate with multimodes. A sinusoidal
signal with a frequency equa to the mode
spacing or a multiple of mode spacing is
injected into the oscillator. Just like laser
mode-locking, this injected signal will
force all modes to oscillate in phase.
Conscquently, wc obtain a comb of
frequencies that arc in phase. in the time
domain, the output signal is square
pulses.
Clock and carrier recovery. The same
injection locking property of the O30 can
also be used for clock and carrier

recovery. Wc have demonstrated clock
recovery at 100 Mb/s and SGb/s, and
obtained exccllent results. Data rates up
to 75 Gb/s can aso be recovered using
the injection locking technique with an
OYi0 operating at 7S GHz. Another
important feature of the OEO technique is
that the clock can be recovered directl y
from data just out of afiber optic
transmission line, without the need of
optical to electrica conversion. In
addition, the recovered clock signal has
both optical andclectrical forms and is
easy to interface with a fiber optic
communication system.

Similar to clock recovery, a carrier buricd
in noise can aso be recovered by the
0Ol{0. Wc have aso demonstrated the
recovery of carrier from noise and
increased carrier to noise ratio by 50 dB.

This work was carricd out at the Jet
I’repulsion 1.aboratory, California
institute of Technology, under a contract
with the National Acronautics and Space
Administration.
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